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ABSTRACT: This paper presents an approach to incorporate time-dependent dune evolution in the determination of bed
roughness coefficients applied in hydraulic models. Dune roughness is calculated by using the process-based dune evolution model
of Paarlberg et al. (2009) and the empirical dune roughness predictor of Van Rijn (1984). The approach is illustrated by applying it
to a river of simple geometry in the 1-D hydraulic model SOBEK for two different flood wave shapes. Calculated dune heights clearly
show a dependency on rate of change in discharge with time: dunes grow to larger heights for a flood wave with a smaller rate of
change. Bed roughness coefficients computed using the new approach can be up to 10% higher than roughness coefficients based
on calibration, with the largest differences at low flows. As a result of this larger bed roughness, computed water depths can be up
to 15% larger at low flow. The new approach helps to reduce uncertainties in bed roughness coefficients of flow models, especially
for river systems with strong variations in discharge with time. Copyright © 2010 John Wiley & Sons, Ltd.
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Introduction

Water levels computed by hydraulic simulation models are
mainly controlled by flow resistance coefficients (e.g. Casas
et al., 2006; Vidal et al., 2007; Morvan et al., 2008). Various
elements in a river system contribute to the flow resistance,
such as groynes, bedforms, vegetation in floodplains or other
elements obstructing the flow. Over the past decade, several
elements in hydraulic models were improved (e.g. accuracy of
bathymetry, cross-section schematization, characterization
of floodplain vegetation). However, the roughness coefficients
of the main channel and the floodplain still have large uncer-
tainties and significantly influence water-level predictions (e.g.
Van der Klis, 2003; Paarlberg, 2007; Warmink et al., 2007).

The flow resistance of the main channel is largely deter-
mined by form drag due to river dunes which is mainly con-
trolled by the dune shape (i.e. dune height and length, or
aspect ratio). Therefore, a range of relationships exists that link
a roughness coefficient to dune geometry (e.g. Vanoni and
Hwang, 1967;Yalin, 1972;Van Rijn, 1984; Karim, 1995). River
dunes are found in nearly all fluvial river systems, with the
river bed consisting of sand, gravel or mixtures (e.g. Kost-
aschuk, 2000; Wilbers and Ten Brinke, 2003; Best, 2005;
Jerolmack and Mohrig, 2005; Kleinhans et al., 2007; Figure 1).

For steady flows a wide range of formulas is available to
predict equilibrium dune dimensions as a function of a range of
parameters such as flow strength, flow depth or sediment size
(e.g. Yalin, 1964; Allen, 1968; Van Rijn, 1984; Julien and
Klaassen, 1995; Coleman et al., 2005). For unsteady river flows

dune dimensions generally depend on (1) the equilibrium dune
dimensions for a specific set of flow conditions, (2) the actual
dune dimensions and (3) the rate of change of discharge with
time.This complicates the determination of bed roughness over
the complete timescale of a flood wave. Figure 2b shows mea-
sured dune heights during the 1998 flood in the River Rhine
near the Pannerdensche Kop (Figure 1) as a function of the
discharge. A clear hysteresis in dune height is observed, which
occurs because it requires time for the dunes to adapt to the
changing flow conditions by means of sediment transport. After
the discharge peak, the dunes continue to grow about 20% in
height. Although we lack water-level measurements for this
particular case, Figure 2a shows a significant hysteresis effect in
water levels in the River Meuse in the Netherlands. This effect
can be attributed to (i) accelerations and decelerations during
the passage of a flood wave (the so-called Jones effect; see, for
example, Jansen et al., 1979; Perumal et al., 2004) and (ii)
time-dependent dune evolution and associated bed roughness
during the passage of a flood wave.

Wilbers (2004) proposed a method to take unsteady flow
conditions into account in bed roughness predictions, follow-
ing the approach of Allen (1976). This approach requires the
use of a calibrated adaptation constant, limiting the general
applicability of the model. Giri et al. (2007) developed a mor-
phodynamic simulation code which is able to predict stage–
discharge relationships under flume conditions. However, the
detailed and complicated flow model results in extremely
large computational times and makes the model infeasible for
operational water management purposes.
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For practical reasons bed roughness coefficients of hydraulic
models are often calibrated to match observed and computed
water levels and discharge (distributions) (e.g. Wasantha Lal,
1995; Werner, 2004; Van den Brink et al., 2006). Often, a
time-independent bed roughness is applied over the full time-
scale of a flood wave, meaning that only parts of a flood wave
can be reproduced accurately. For a 1-D (SOBEK) model of the
River Rhine in the Netherlands the main channel roughness
coefficients were calibrated as a function of the discharge, to
obtain better results for the complete timescale of flood waves
(Udo et al., 2007). However, this still implies that there is one
unique value for the roughness coefficient for every discharge.
This means that the calibration is specific for the conditions (e.g.
peak discharge, flood wave shape) for which the model was
calibrated. In other words, the effects of time-dependent dune
evolution and the evolution of bed roughness are incorporated
into the calibrated roughness coefficient of the main channel.

This paper investigates (1) how bed roughness and water-
level predictions differ if we use (a) calibrated time-independent
or (b) calculated time-dependent roughness coefficients and (2)
whether dune evolution and associated bed roughness vary
significantly for different flood wave shapes. To this end, we
have developed a dynamic roughness model by extending the
1-D hydraulic simulation model SOBEK with a model to predict
time-dependent dune roughness. This dune roughness model
consists of an idealized process-based dune evolution model
(Paarlberg et al., 2009) and a roughness predictor, translating

dune geometry into a bed roughness coefficient. Since the
underlying dune evolution model is set up to minimize the
required computational effort, the new simulation model can
be applied at flood wave timescales.

In the next section the various submodels of the dynamic
roughness model are explained. The case study that we use in
this paper, a representative SOBEK schematization of the River
Waal, is illustrated in the third section. In the same section, the
two analysed flood wave shapes and the method to analyse the
differences in water-level predictions between a model using
(a) calibrated time-independent or (b) calculated time-
dependent bed roughness coefficients are discussed. The
model results are presented in the fourth section. First, we
focus on simulated dune dynamics for both types of flood
waves; then, we discuss the effects of including time-
dependent dune roughness on water-level predictions. The
paper ends with a discussion and conclusions, in the final two
main sections.

Hydraulic Model Including Time-Dependent
Dune Roughness

Dynamic roughness model

The dynamic roughness model presented in this paper extends
the existing hydraulic simulation model SOBEK with two sub-
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Figure 1. Measurements of dunes at
the ‘Pannerdensche Kop’ river bifurca-
tion in the Netherlands. (a) Location in
the Netherlands. The River Rhine enters
the Netherlands from the east and the
River Meuse enters the Netherlands
from the south. (b) Major river
branches of the River Rhine. The
numbers along the rivers are distance
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models to calculate time-dependent dune dimensions and
associated bed roughness during flood waves (Figure 3). Dune
dimensions are computed by solving an idealized morphody-
namic model that runs separately from SOBEK, as discussed
below. The dune evolution model uses the average water depth
hm as computed by SOBEK as input. Computed dune dimen-
sions are translated into a Nikuradse roughness height by using
an empirical roughness height model. For steady flow, a 10%
change in roughness height results in a change of water depth
of 1–2%. Therefore water levels are updated by SOBEK only if
the relative change in roughness height during a simulation is
10% or more (Figure 3). The approach to determine the dune
length in the dynamic roughness model is explained in the
final subsection of this section.

Hydraulic model SOBEK

In the Netherlands, the hydraulic model SOBEK is used to
make water-level predictions for the rivers Rhine and Meuse
(Figure 1). SOBEK solves the 1-D cross-sectional integrated
shallow-water equations. The river is divided into trajectories
of a certain length, and cross-sections are defined roughly
every 500 m, to take large-scale variations in bed levels and
river non-uniformity in stream direction into account. The
specific SOBEK schematization of the River Waal, which is
used in this paper, along with required boundary conditions,
will be discussed in the next main section.

Dune evolution model

Dune dimensions are calculated with the dune evolution model
of Paarlberg et al. (2009), using the reach-averaged channel

slope, the average water depth in the main channel (as com-
puted by SOBEK) and the bed material (represented as D50) as
inputs. This morphodynamic simulation model is based on the
two-dimensional vertical (2-DV) shallow-water equations with
hydrostatic pressure assumption. As basic turbulence closure, a
constant eddy viscosity over the water depth and a partial slip
condition at the bed are employed. Two coefficients of the
turbulence model which determine the values of the eddy
viscosity and resistance at the bed were calibrated on the basis
of flume experiments (see Paarlberg et al., 2009, for details) and
in this paper the model is applied with the same calibrated
coefficients (see also Paarlberg, 2008).

Flow separation is included in a parametrized way. In the
region of flow separation, the separation streamline forms an
artificial bed (Paarlberg et al., 2007), enabling computation of
hydrostatic flow over the dunes. An empirical sediment trans-
port relationship including gravitational bed slope effects is
applied to determine bed evolution. In the flow separation
zone, bed shear stresses and sediment transport rates are set to
zero. Sediment passing the crest of a dune deposits on the lee
face at the angle of repose.

Roughness model

In this paper we determine the roughness coefficient of the
main channel as a Nikuradse roughness height. This roughness
height is translated into a Chézy coefficient for use in SOBEK
by using a Colebrook–White type formula (ASCE Task Force on
Friction Factors in Open Channels, 1963; Van Rijn, 1984):
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in which Cm is the Chézy coefficient of the main channel, km is
the Nikuradse roughness height of the main channel and hm is
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Figure 2. (a) Hysteresis in water level in the River Meuse at Venlo
during the February 2002 flood (Termes, 2004). NAP is a Dutch
ordinance datum. (b) Hysteresis in dune height in the River Rhine near
the Pannerdensche Kop during a 1998 flood wave (data from Direc-
torate Eastern Netherlands (DON) and the Head Office of Rijkswater-
staat; see also Wilbers and Ten Brinke, 2003).

Figure 3. Overview of the dynamic roughness model presented in
this paper, which consists of the existing hydraulic simulation model
SOBEK and a dune roughness model. A simulation is initialized by
specification of a discharge wave, system properties (such as grain
size) and initial dune height. The water depth in the main channel (hm)
computed by SOBEK is used as input for the dune evolution model to
compute dune height D and dune length l. The roughness model
translates these dune dimensions into a Nikuradse roughness height
kdunes . If the relative change in roughness height (d) is larger than 10%,
a new SOBEK computation is performed.
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the average water depth in the main channel as computed by
SOBEK. Following Van Rijn (1984), the roughness height of the
main channel (km) can be divided into a contribution of grains
(kgrains) and dunes (kdunes):

k k km grains dunes= +
(2)

Generally, if dunes are present, form drag due to dunes is
dominant over the grain roughness (e.g. Knighton, 1998; Julien
et al., 2002; De Vriend, 2006). Grain roughness kgrains is speci-
fied as 3D90 (Van Rijn, 1993). Note that if the roughness
coefficients of a hydraulic model are calibrated to reproduce
measured water levels, all uncertainties and (model) errors end
up in the calibrated roughness coefficient; this will be further
examined in the Discussion of this paper. To close our model,
we need a relationship between computed dune dimensions
and roughness height kdunes. Although numerous relationships
are proposed in the literature, we chose to use the relationship
of Van Rijn (1984). Van Rijn’s relationship is based on an
extensive database of both flume and field measurements, and
is widely applied, particularly for field studies (e.g. Julien et al.,
2002; Sieben, 2003). The empirical relationship of Van Rijn
(1984, 1993) reads

kdunes = ⋅ − −( )11 1
25γ
λ

Δ Δ
exp

(3)

in which D is the dune height and l is the dune length. The
shape factor g expresses the influence of the dune shape on
the roughness height. The shape factor g is 1 for dunes with
angle-of-repose slip faces, since Van Rijn (1984) based his
relationship on such dunes. However, in the field, the dune
lee slope is often less than the angle of repose (Ogink, 1988;
Van Rijn, 1993; Van der Mark et al., 2007). As a result, flow
separation might be less pronounced (or in some cases even
absent), reducing the form drag due to dunes. Since our dune
evolution model assumes an angle-of-repose leeside, it is
considered that the roughness is overestimated for field con-
ditions. Therefore, we apply a value of g = 0·7, as was pro-
posed by Van Rijn (1993), based on field measurements of
various river systems.

The dune evolution model used in this paper is 2-DV (see
above) and thus explicitly assumes that dunes form uniformly
over the complete main channel width, that all dunes have
the same height, and that all available energy and bed load
transport directly contribute to the formation of dunes. In
reality, however, dunes might be of different size near the
banks or part of the transported sediment passes the crest or
is in suspension without contributing to dune formation.
Therefore, it is anticipated that our dune evolution model
predicts maximum dune dimensions in rivers rather than
average dune dimensions. Van der Mark et al. (2007) analy-
sed flume data and found that the average dune height is
more or less half the maximum dune height. Calculated dune
aspect ratios (D/l) are more or less constant (see Results
section), meaning that dune roughness linearly depends on
dune height (Equation (3)). To use the average dune height,
rather than the maximum dune height, in the prediction of
bed roughness we chose to halve the dune shape factor, i.e.
we use g = 0·35 as correction factor in Equation (3) to deter-
mine the Nikuradse roughness height. In the Discussion, the
sensitivity of computed roughness coefficients and water
levels to this parameter is investigated.

Method to determine dune length

In this paper we study dune dynamics and water levels in a
uniform channel (see next section), which means that dunes
will be distributed more or less uniformly over the river reach.
Therefore, we simulate the dynamics of a single dune in a
computational domain with periodic boundary conditions in
the horizontal direction. It is assumed that this dune, and
associated form drag and resistance coefficient, is representa-
tive for the whole river reach.

Wilbers and Ten Brinke (2003) observed that in the River
Waal (near Druten) the dune length remains fairly constant
during a flood, i.e. about 40 m. They argue that this is caused
by a combination of grain size distribution over the river width
and distance between groynes in the River Waal. However, for
other river sections such as the Upper Rhine between Lobith
and the Pannerdensche Kop (Figure 1), the dune length may
vary during floods. More specifically, Wilbers and Ten Brinke
(2003) observed that the dune length continues to grow, while
the discharge is already falling after the discharge peak.
Instead of decreasing dune lengths during the falling stage
(during the falling stage of a flood, decreasing dunes lengths
could be expected as a result of the decreasing water depth,
since dune length primarily scales with the water depth),
smaller secondary dunes form on the primary dunes at the end
of a flood. This is related to the inability of the large primary
dunes to diminish in length because this requires sediment
transport, which decreases in magnitude because of decreas-
ing flow strength during the falling stage of a flood wave.

To analyse the effects of a changing dune length on dune
heights and water levels, simulations are performed using a
constant and a variable dune length. Since we use periodic
boundary conditions in the dune evolution model, the dune
length does not automatically change. However, the dune
length can be changed by changing the length of the domain.
The dune length is determined by the simulation model on the
basis of a numerical linear stability analysis (Dodd et al.,
2003), and is mainly controlled by the water depth in our
model. If the water depth changes by 1%, the simulation
model performs a linear stability analysis using small-
amplitude sinusoidal disturbances with different wavelengths
on a flat bottom as topography (see also Paarlberg et al., 2009).
Typically, a 1% change in water depth results in a 1% change
in dune length. It is assumed that the dune length found from
the linear analysis is a good representation of the dune length
in the nonlinear regime as well (e.g. Dodd et al., 2003;
Németh et al., 2006; Paarlberg et al., 2009).

An example result of the linear stability analysis is shown in
Figure 4. From this analysis a fastest-growing wavelength is
found and is used as domain length (effectuated by adapting
the horizontal distance between grid points in a horizontal
direction). Note that using this approach the dune length
becomes smaller during the falling stage of a flood wave, since
it mainly scales with the flow depth. This is not in agreement
with the observed behaviour of the dune length of primary
dunes in the River Waal outlined above. However, it may
represent the smaller secondary dunes forming on top of these
large primary dunes during the falling stage of a flood wave.

Model Setup and Methodology for Analysis

Representative River Waal schematization

The SOBEK Rhine model covers the non-tidal part of the Dutch
Rhine branches. This model contains two river bifurcations
(Figure 1b) and model results are sensitive to the discharge
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distribution at these bifurcations. To avoid such effects we set
up a simple 60 km long straight channel with floodplains in
SOBEK, having a uniform cross-section that is representative
for a relatively straight trajectory in the River Waal (river km
885·23–900·88) (Figure 5).

Computed roughness coefficients are uniform over the
entire reach and SOBEK computes the water level along the
channel. At the downstream end of the model, a stage–
discharge relationship is used. To minimize the influence of the
downstream stage–discharge relationship on the results, the
average flow depth (hm) at the upstream boundary of the main
channel is used as input for the dune evolution model (typi-
cally, the adaptation length scale of disturbance in the River
Waal is some tens of kilometres). The grain size distribution
and channel slope are uniform over the entire reach. Based on
conditions in the River Waal we specify D50 as 1 mm and D90

as 10 mm (Wilbers and Ten Brinke, 2003; Kleinhans et al.,
2007) and the channel slope i as 0·76 ¥ 10-4.

Flood wave scenarios

Flood waves in the River Rhine are variable in shape, with
rapid or gradual changes in discharge over time (Figure 6). For
some waves the flood wave has a sharp peak (high discharge
for a short period of time), while other waves are characterized

by a longer period of high discharge. The discharge in the River
Waal is about 2/3 of that of the River Rhine at Lobith, because
of the bifurcation at the Pannerdensche Kop (Figure 1).

Since we are interested in dune dynamics and the effects of
dunes on water levels for different flood wave shapes, we
analyse two different flood wave shapes, as presented in
Figure 7. The sharp-peaked (SP) flood wave (Figure 7a) is based
on the flood wave that occurred in the River Waal in October
and November 1998, which had a maximum discharge of
about 6000 m3 s-1 in the River Waal. The wave is characterized
by a sharp peak, i.e. the high discharge occurs for a small
period of time. For the broad-peaked (BP) flood wave
(Figure 7b) we chose the same maximum discharge, but this
discharge occurs for a longer period of time such that the total
duration of the two flood waves is equal (i.e. 30 days). These
shape differences may influence dune dynamics, since for the
broad-peaked wave (1) the rising and falling stages are shorter,
implying a larger rate of change of discharge with time, and (2)
the dunes have more time to adapt to the higher discharge
since this lasts longer. This yields a relatively long period of
high discharge for the broad-peaked flood wave (with a zero
rate of change in discharge) in which the dunes evolve towards
the equilibrium dune height. Although this broad-peaked flood
wave shape is rather artificial the effect of variable rate of
change can be investigated with these two flood wave shapes.

Generally, dune dimensions at the start of a flood wave are
not known, but in the simulation model initial dune dimen-
sions have to be specified. We have chosen to start a simula-
tion with an initial dune height of 2 cm. A model simulation
consists of a series of two flood waves of identical shape with
a period of 1 week of constant low discharge in between
(Figure 7). For the first wave (indicated by ‘SP1’ and ‘BP1’ in
Figure 7), dunes have to develop from very small sinusoidal
waves, while for the second wave (indicated by ‘SP2’ and
‘BP2’ in Figure 7), the dune height is more or less in equilib-
rium with flow conditions as the second wave starts.

Comparison of Sobek models with different
roughness formulations

Hysteresis in water levels is caused by a combined effect of
dune dynamics and accelerations and decelerations during the
passage of a flood wave. In the SOBEK Rhine model of Udo
et al. (2007), roughness coefficients for the main channel and
floodplain are calibrated for a certain number of trajectories,
as a function of the discharge. Thus for each discharge there is
one unique value of the Chézy coefficient. The aim of the new
extended SOBEK model is to analyse the effects of hysteresis in
dune dimensions on water levels, for different flood wave
shapes. Figure 8 illustrates the approach used to analyse the
differences between a SOBEK model using computed and
calibrated roughness coefficients.

The calibrated roughness coefficients are used to compare
the results of the extended model with the original SOBEK
model (Figure 8). Figure 9 shows the calibrated Chézy coeffi-
cients for the river trajectory on which our SOBEK model is
based (Figure 5). For this calibration, recorded discharges (up
to 7000 m3 s-1 in the River Waal) and water levels of various
flood waves were used. For discharges higher than about
7000 m3 s-1, the SOBEK model was calibrated on the basis of
simulation results of the 2-DH hydraulic model WAQUA of the
River Rhine in the Netherlands (Van den Brink et al., 2006;
Udo et al., 2007). In this paper, we focus on discharges
�6000 m3 s-1 in the River Waal, since this is the recorded
maximum discharge for the 1998 flood. Since the roughness of
the floodplain is not of central interest in this paper, we base
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the roughness coefficient of the floodplains on the calibrated
coefficients. We chose to use a discharge-independent value of
38 m1/2 s-1 for the Chézy coefficient in the floodplains, since
the variations of this coefficient are small in the calibration
(Figure 9).

To analyse the performance of the extended SOBEK model
presented in this paper, computed water levels are compared
to the results of the originally calibrated model in which the
roughness coefficients are a function of the discharge
(Figure 8). Figure 10 shows stage–discharge relationships for
steady flow and for the two flood waves as computed with the
SOBEK model, using calibrated roughness coefficients as a
function of discharge (Figure 9). In the steady calculation, for
each discharge the SOBEK model iterates water levels along
the 60 km reach until steady flow conditions are obtained,
yielding a stage–discharge relationship without hysteresis. For
the unsteady calculations however, the effect of accelerations
and decelerations due to the passage of a non-uniform flood
wave (i.e. the water surface slope is different from the average
channel slope) is included in SOBEK, since the unsteady terms
are retained in the equation of motion. Compared to the steady
computation, this results in lower water levels during the rising
stage (i.e. the wave accelerates) and higher water levels during

the falling stage, for both types of flood waves. The maximum
water level difference between the rising and falling stage is
larger for the broad-peaked flood wave (�1 m) than for the
sharp-peaked flood wave (�0·7 m). This is because the dis-
charge variations during the rising and falling stage are more
gradual for the sharp-peaked flood wave (Figure 7), leading to
smaller acceleration and deceleration effects.
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Figure 8. Illustration of the approach to analysing differences
between a SOBEK model using calibrated (A) and computed (B) rough-
ness coefficients. C is the Chézy coefficient and Q is the river
discharge.
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Results of the Extended Sobek Model

Dune dynamics for sharp-peaked flood wave

Figure 11 shows simulated dune dynamics for the case with a
sharp-peaked flood wave, with constant dune length and with
variable dune length. For constant dune length, the simulated
dune height reaches a value of about 2 m (Figure 11b). Wilbers
and Ten Brinke (2003) report dune heights of ~1–1·2 m for a
reach in the River Waal at peak discharge, for a dune length of
40 m. Thus our simulations compare quite well with measured
dimensions, if we take into account that the dune evolution
model predicts maximum dune dimensions rather than average
dune dimensions (accounts for a factor 2 difference; see section
‘Roughness model’). Simulations show small variations in dune
height due to discharge variations (Figure 11b), and the
maximum dune height occurs about 3 days after the peak
discharge, which is comparable to measurements in the River
Rhine (Wilbers andTen Brinke, 2003).The hysteresis effects will
be discussed below in more detail. For a variable dune length,
the model predicts increasing dune lengths during the rising
stage due to an increasing water depth in the main channel
(Figure 11a). Elongating dunes have smaller bed slopes and
grains can be transported upslope more easily, resulting in
higher dunes (Figure 11b). As a result, the dune height becomes
up to 40% higher than for a constant dune length.

If the dune length is constant, a more or less constant aspect
ratio of about 0·055 is obtained (Figure 11c). For variable dune
length, the simulated dune aspect ratio varies between 0·05
and 0·07 (Figure 11c), which is well within the range of values
from the literature (e.g. Bennett and Best, 1995; McLean et al.,
1999; Carling et al., 2000). In the River Rhine, also lower
values around 0·04 are reported (Julien and Klaassen, 1995;
Wilbers and Ten Brinke, 2003). As discussed in section
‘Roughness model’, the dune height may be over-predicted for
natural river settings which may explain the slightly higher
dune aspect ratios. At the second discharge peak, the dune
height is higher than at low discharge (Figure 11b), while the
dune aspect ratio is lowest at the peak discharge (Figure 11c).
This is because the dune length is largest at the peak discharge
and differs by ~100% between low and high discharge, while
the dune height differs by ~40% between low and high dis-

charge (Figure 11). Since the dune aspect ratio is important for
roughness predictions (Equation (3)), a proper modelling of
this aspect ratio is very important for accurate modelling of
dynamic roughness due to dunes.

Figure 11d shows that the migration rate is highly variable
and especially responds to a changing discharge. This is not
surprising, since for increasing discharge and flow depth the
bed shear stress and thus the sediment transport increase. For
constant dune length, the dune height becomes more or less
constant in time, while the migration rate still varies signifi-
cantly (Figure 11d). Apparently, the flow depth (or bed shear
stress) is the controlling parameter on the migration rate in the
case of constant dune length. Wilbers and Ten Brinke (2003)
assumed a relationship between dune length and migration
rate with higher migration rates for longer dunes. If the dune
length varies during the flood wave we find similar behaviour
(Figures 11a and 11d). However, the relationship is less strong
than Wilbers and Ten Brinke (2003) assumed, since longer
dunes are also higher, reducing the migration rate if we assume
that all sediment that passes the dune crest deposits evenly at
the bedform lee (as is done in the dune evolution model).

Hysteresis effect in dune height

Figures 12a and 12b show the dune height as a function of the
discharge for constant dune length for the two different flood
waves. The maximum dune height is about 2·25 m and the
dune height varies by roughly 10 cm between the rising and
the falling limbs of the flood waves. For the broad-peaked
flood wave, the period of high discharge is relatively long,
meaning that the dune height reaches the equilibrium dune
height for the prevailing flow conditions. The difference in
hysteresis for the two flood waves is due to the difference in
rate of change of discharge with time. For the broad-peaked
flood wave the rate of change is large and the dune height does
not significantly respond to the falling discharge (Figure 12b),
while for the sharp-peaked flood wave the dune height varia-
tion does respond to the changing discharge (Figure 12a).

For variable dune length, the hysteresis effects in dune
height are more pronounced for both flood wave shapes
(Figures 12c and 12d) compared to the case with constant
dune length. Paarlberg et al. (2009) have shown that for equi-
librium dunes the dune evolution model predicts a strong
correlation between dune length and dune height and that the
dune aspect ratio in equilibrium is more or less constant. Since
the dune length adapts immediately to changing flow condi-
tions in a simulation with variable dune length (because of the
approach used to simulate dune length), also the dune height
shows more variation than for the case of a constant dune
length.

For the second wave of the sharp-peaked flood wave, we
clearly observe a hysteresis loop with a maximum dune
height difference of ~1·2 m between the rising and the falling
stage. Also, the maximum dune height occurs if the dis-
charge is already falling. The time lag between maximum
dune height and maximum discharge of about 3 days
(Figure 11b) is caused by the relatively low rate of change in
discharge causing the dunes to be still adapting to an equi-
librium dune height which is larger than the actual dune
height. For the broad-peaked flood wave, the dunes remain
somewhat lower during the rising stage of the second wave
than is the case for the sharp-peaked flood wave (i.e.
~10 cm; Figures 12c and 12d) because of the larger rate of
change in discharge with time. The relatively long period of
high discharge for the broad-peaked flood wave yields dunes
that are ~80 cm higher at the start of the falling stage than for
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the sharp-peaked flood wave. This implies that at the start of
the falling stage the dune height is almost adapted to the
new flow conditions (and dune length), meaning that the
time lag in dune height during the falling stage is very small
and almost negligible. Note that after the floods the simu-
lated dune heights differ between the two types of flood
waves. At the end of the flood wave the relict dunes are
higher for the broad-peaked flood wave than for the sharp-
peaked flood wave. This is important information because
these relict dunes may cause problems for navigation, for
example, and the dunes may diminish in height slowly at
low discharge, because the transport rates are relatively low.

Effects of dune evolution on hydraulics

Changing dune dimensions in time and the hysteresis effect in
dune height also yield temporal variations and hysteresis in
roughness height, since the roughness coefficient of the main
channel is directly linked to both dune height and dune length
(Equation (3)). Figure 13 compares Chézy coefficients com-
puted with the new dynamic roughness model and the values
of the originally calibrated model (Figure 8). Results are only
shown for the second wave in a simulation.

The new dynamic roughness model yields lower Chézy
coefficients (higher roughness), for both types of flood waves,
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especially in the case of variable dune length, which is directly
linked to the higher dunes for these cases (Figure 12). For
constant dune length, the roughness coefficient at the peak
discharge is predicted quite well. The hysteresis effect in
roughness is very small for constant dune length, which is due
to the dune height being almost constant during the second
discharge peak (Figures 12a and 12b). On the other hand, for
variable dune length, the Chézy coefficient is 5–10% lower
(higher roughness) during the falling stage, compared to the
rising stage. Furthermore, this effect is larger for the broad-
peaked flood wave, with even lower Chézy coefficients in the
early phase of the falling stage (i.e. when the discharge is still
high), than during the falling stage of the sharp-peaked flood
wave. This illustrates the dependence of roughness predictions

on the shape of a flood wave. The differences between the new
dynamic roughness model and the originally calibrated rough-
ness coefficients are largest at low discharge. At low discharge,
Chézy coefficients are about 13% lower for the constant dune
length and about 22% for the variable dune length.

Figure 14 shows the difference between the water levels
computed with the dynamic roughness model and the original
stage–discharge relationship for both flood wave types (using
the method presented in Figure 8). Since the time evolution of
the main channel roughness differs between the dynamic
roughness model and the calibrated model, water levels are
different for a certain discharge. This implies that certain areas
become flooded or dry at different discharges. This is the
reason for the oscillations in Figure 14.
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Generally, water levels are higher using the new dynamic
roughness model, as a result of lower Chézy coefficients. The
differences are largest at low discharge, if most water is con-
veyed through the main channel, and smallest at peak dis-
charge. This is attributed to the aspects that (i) in practice
hydraulic models are calibrated on peak discharges and (ii)
the relative influence of the main channel roughness
decreases at higher water levels. Dunes reach their maximum
dimensions after the peak discharge (Figure 12) and decrease
in dimensions slowly after they have reached their maximum
dimensions. Therefore, for variable dune length, differences in
flow depth are larger for the falling stage than for the rising
stages. Differences in water depth can be up to 1 m for low
discharge (Figure 14), which is a difference in water depth of
~15% between the new dynamic roughness model and a
SOBEK model adopting calibrated roughness coefficients. For
the broad-peaked flood wave, effects are even larger than for
the sharp-peaked flood wave, since dunes are higher for that
case.

Discussion

Dune evolution model

In rivers, dune fields often show three-dimensional (3-D) struc-
tures, such as amplitude variations or crestline curvature (e.g.
Allen, 1968; Best, 2005, and references therein). Another 3-D
phenomenon is that dunes do not necessarily cover the full
main channel width, due to lateral grain-size differences, hori-
zontal flow patterns and sediment diffusion processes. The
dune evolution model does not take lateral variations in dune
dimensions into account, since it is a 2-D vertical (2-DV)
model. Although 3-D dune shapes are observed in nature, the
general pattern of dune formation is often aligned with the
main flow direction (e.g. Figure 1c), if the river is not too wide
(generally, 3-D bed features are observed for width to depth
ratios larger than 3 (Crickmore, 1970; Williams, 1970)). Thus,
if a river is relatively narrow and the flow is confined between
groynes aligning the flow more or less in one direction, a 2-DV
dune evolution model is thought to be representative.

In section ‘Roughness model’, it is argued that computed
dune dimensions represent maximum dune heights rather than
average dune heights, giving rise to adaptation of the rough-
ness correction factor g. However, this over-prediction could
also be caused by physical processes that are currently not
captured by the dune evolution model (see also Paarlberg,
2008; Paarlberg et al., 2009), such as suspended sediment
transport, non-uniform sediment dynamics, or the aspect that
part of the bed load transport passes the separation point,
effectively not contributing to dune formation. These aspects
remain for future research.

Dune roughness model

Observations show that dune fields are characterized by bed-
forms of different spatial scales (e.g. Julien et al., 2002; Wilbers

and Ten Brinke, 2003; Jerolmack and Mohrig, 2005). During
unsteady flow events in the River Rhine, it is observed that
during the falling stage of a flood wave secondary dunes form
on the primary dunes, because the primary dunes cannot
instantaneously adapt to the changing flow conditions
(Wilbers and Ten Brinke, 2003). According to Wilbers (2004) it
is important to distinguish between primary and secondary
dunes for roughness predictions. Additionally, Schindler and
Robert (2005) and Fernandez et al. (2006) showed that the
effects of amalgating dunes of different scales on turbulence
structures in the flow field, also influence the total flow resis-
tance caused by dunes. This behaviour cannot be captured by
the dynamic roughness model, since there is no mechanism
present that allows for the formation of these secondary dunes.
Knowledge on the exact influence of secondary dunes on flow
resistance is still limited (Best, 2005). Numerical simulations of
the turbulent flow over trains of irregular bedforms could give
insight into the controlling dune dimensions on the total flow
resistance. In the dynamic roughness model, during the falling
stage of a flood wave the water depth and dune length
decrease. In reality this reduction in dune length manifests via
the formation of secondary dunes, while in the dune evolution
model the domain length is shortened, also leading to shorter
(and lower) dunes.

This paper shows that hysteresis effects in dune height yield
significant differences in roughness coefficients between the
rising and falling stages. These hysteresis effects are not
included in the model using calibrated roughness coefficients.
This explains part of the differences in Chézy coefficients and
water levels between the new dynamic roughness model and
the model using calibrated Chézy coefficients.

In the dune roughness model a roughness correction coef-
ficient g = 0·35 is introduced into Equation (3) to correct for the
effects of the shape of the dune lee face and plan form and a
translation to representative average dune dimensions (see
section ‘Roughness model’). A sensitivity analysis shows that
varying this parameter has marginal influence on dune char-
acteristics (Table 1). However, the influence on Chézy coeffi-
cients and water depths is significant, since the Nikuradse
roughness height of the main channel linearly depends on g.
Effectively, the stage–discharge relationships shift upwards or
downwards depending on g. Apparently, changes in roughness
coefficients and water depths do not change the flow signifi-
cantly, leading to similar dune characteristics. The effect of this
correction indicates that future research is required on the
relationship between dune dimensions and plan form of dunes
on roughness coefficients.

Model application to different river systems

The dynamic roughness model presented in this paper is built
around the hydraulic simulation model SOBEK, which
includes the effects of floodplains, groynes and variable
streamwise cross-sectional shapes, for example. This allows
representation of natural river configurations with the model,

Table I. Sensitivity analysis for roughness correction factor g for sharp-peaked flood wave and variable dune length. Cm is the main channel Chézy
coefficient, and hdiff represents the difference in flow depth between the extended SOBEK model and the SOBEK model adopting calibrated
roughness coefficients. The overbar indicates that a certain parameter is averaged over the second flood wave of a simulation (SP2 in Figure 7).

Case g Dmax (m) Δ (m) λ (m) Δ λ( ) Cm (m1/2 s-1] hdiff (m)

Calibrated model 42·7
g -50% 0·175 3·72 3·15 57·5 0·055 41·7 0·09
g reference 0·35 3·86 3·32 60·3 0·055 36·6 0·53
g +50% 0·525 3·96 3·42 62·2 0·055 33·5 0·82
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since realistic parameters of the main channel can be used to
determine dune evolution. In turn, dune evolution in the main
channel influences the flow over the entire cross-section since
the roughness coefficient of the main channel changes.

This paper discusses model application to a branch of the
River Rhine which is a mildly sloping sand-bed river with
generally low Froude numbers, i.e. 0·1–0·35 (Van Vuren et al.,
2005). Therefore, the model approach can also be applied to
similar river systems such as the Mississippi River in the USA or
the Parána River in Argentina. It should be noted that the
applied flood wave shapes as used in this paper are based on
data from the River Rhine. The sharp-peaked flood wave used
in the present paper might not be ‘sharp’ at all in other river
systems. The flood wave shape, however, can easily be
changed to study the effect of different flood wave shapes.

Also in estuarine systems, dune-like features are observed
(e.g. Kostaschuk, 2000; Kostaschuk and Best, 2004; Francken
et al., 2004; Villard and Church, 2005). Estuarine dunes are
often quite symmetrically shaped, due to the oscillatory tidal
flow in estuarine environments. However, the degree of sym-
metry depends on the relative flow strength in each direction.
If one of the directions is dominant, then the estuarine dunes
might develop an angle-of-repose leeside like dunes in a uni-
directional flow. In such cases, the dune evolution model used
in this paper can be applied; however, a problem occurs if the
flow reverses, and the estuarine dune still has an angle-of-
repose leeside that becomes exposed to the flow. To apply the
model in this case, we need a description of the roughness of
this leeside that blocks the flow and some model for the
morphological adaptation of the leeside.

Grain-size sorting within bedforms influences dune forma-
tion and the grains present on the surface of dunes (e.g. Miwa
et al., 2001; Blom et al., 2003; Kleinhans, 2004). Miwa et al.
(2001) argue that the presence of relatively coarse sediment
restrains the development and growth of bedforms, while fine
sediment promotes bedform growth and collapse of bedforms.
Effectively, this may lead to more irregular bedform patterns
than considering uniform sediment. In the dune evolution
model, the sediment transport rate is based on the median grain
diameter, i.e. the D50 of the sediment, and the bed material is
assumed to be uniform. Paarlberg et al. (2009) have shown
that a different grain size does not influence equilibrium
dune dimensions, although it does influence timescales to
equilibrium, which is important in the dynamic roughness
model.

Practical implications of the model results

The new dynamic roughness model provides insight into the
part of the main channel roughness coefficient associated with
time-dependent dune evolution and hysteresis effects of
dunes. The model is computationally efficient: typically, two
flood waves in series, e.g. Figure 7a with a duration of 80 days,
take about 8 hours to compute on a standard office PC.

Dune dynamics and associated hysteresis effects can be
excluded from calibrated roughness coefficients by using the
dynamic roughness model of this thesis. In practice, however,
model calibration will still be required, because of other
uncertainties originating from errors in the hydraulic model
itself or errors in the model schematization. This aspect
could be included in model calibration by rewriting Equation
(2) as

k k k km grains dunes uncertain= + + (4)

in which the term kuncertain represents uncertainties and model
errors contributing to the roughness coefficient of the main

channel. This term is not taken into account for the compari-
sons made in this paper, since it is not known for the SOBEK
model that uses calibrated roughness coefficients. It is likely
that the water-level measurements that were used in the origi-
nal SOBEK calibration included effects due to dunes, but to
what extent is not known. A starting point for future model
calibrations should be to use the dynamic roughness model
presented in this paper to predict the main channel roughness,
and calibrate the term kuncertain in Equation (4) or other model
parameters to take model uncertainties into account. Prefer-
ably, simultaneous dune and water-level measurements should
be available for this calibration.

In nature, flood waves often come in series, meaning that
relict dunes might still be present if the discharge increases
again at the start of a new flood wave. Because the models
presented in this paper require minimal computational effort,
a series of flood waves of various shape can be simulated to
investigate the role of this history effect. Model results clearly
show that computed dune dimensions are different between
the first and second flood wave in a simulation (Figures 11
and 12). This also results in differences in roughness coeffi-
cients and water depths for the two waves. The hysteresis
effects in dune height and associated effects on water depths
were analysed for the second flood wave, i.e. for a situation
in which the dunes were almost in equilibrium with flow
conditions at the start of the wave. Keeping this in mind, the
differences between the new dynamic roughness model and
the SOBEK model that adopts calibrated roughness coeffi-
cients would probably be smaller due to smaller dune heights
for the first flood wave. This illustrates the importance of
having simultaneous measurements of water levels and
dune dimensions during floods, which could improve model
calibrations.

Conclusions

This paper presents an extension of the existing hydraulic
simulation model SOBEK to a ‘dynamic roughness model’, in
which time-dependent dune evolution is included to explicitly
take into account drag due to dunes. The dynamic roughness
model consists of a process-based dune evolution model and
the roughness predictor ofVan Rijn (1984). By computing dune
dimensions during a flood wave, the main channel roughness
coefficient in SOBEK is dynamically changed and hysteresis
effects attributed to dune evolution are taken into account.

Model application to two types of flood waves (i.e. a sharp-
peaked and a broad-peaked flood wave) shows significant
deviations from calibrated roughness coefficients due to dune
evolution during floods. Model results show that differences in
the rate of change of discharge with time for the sharp-peaked
and the broad-peaked flood wave affect predicted dune
dimensions. Also, the relatively long duration of the maximum
discharge for the broad-peaked flood wave is important, since
dunes can grow further in height during this period. For vari-
able dune length, the Chézy coefficient is 5–10% lower during
the falling stage compared to the rising stage. This emphasizes
the dependence of roughness predictions on the shape of the
flood wave, a factor that is not taken into account if hydraulic
simulation models are calibrated on recorded water levels. In
the new dynamic roughness model of this paper this depen-
dency is automatically taken into account, since dune dynam-
ics are explicitly simulated.

At low discharge, Chézy coefficients in the dynamic rough-
ness model are 13–22% lower (higher roughness) compared to
the SOBEK model using calibrated Chézy coefficients. Further-
more, the hysteresis effect in dune height and dune roughness
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cause the water depths to vary significantly between the rising
and the falling stages of a flood wave. Both types of flood wave
(and variable dune length) lead to an increase in water depth
of up to 1 m compared to a case with calibrated roughness
coefficients.

The predicted water levels are sensitive to the value of the
roughness correction factor g, which is a rather uncertain
parameter in the dynamic roughness model and might even
depend on dune plan form. Therefore future research should
focus primarily on the part of the new dynamic roughness
model that translates computed dune dimensions into a rough-
ness coefficient. Although calibration of roughness coefficients
of hydraulic models will remain necessary, the effects of dune
dynamics can be excluded from the calibration using the
modelling approach presented in this paper.
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